Abstract. Byram's fire intensity (I B,tot ; kW m -1 ) is one the most important and widely accepted metrics for 10 quantifying wildfire behaviour. Calculation of I B,tot requires measurement of fuel consumption, heat of combustion 11 and rate of spread; existing methods for obtaining these measurements are either inexact or at times impossible to 12 obtain in the field. This paper presents and evaluates a series of remote sensing methods for directly deriving 13 radiative fire intensity (I B,rad ; kW m 
Introduction

28
Wildfire behaviour is the response of a wildfire to changes in its environment in terms of spread 29 velocity, combustion rate and efficiency, flame length, direction of spread, and depth of burn. Fire 30 intensity, or fire-line intensity, is often considered the most important metric in quantifying wildfire behaviour (Byram, 1959; Alexander 1982 length of the fire front (Byram 1959) , and is derived from a linear combination of low heat of combustion, 35 fuel consumption and rate of spread (ROS) (Alexander 1982) .
36
I B,tot and ROS have typically been reported together (Van Wagner 1962 , 1965 , and are the focus of fire 37 behaviour models (e.g. McArthur 1967; Rothermel 1972; Forestry Canada Fire Danger Group 1992) . I B,tot 38 is the conceptual basis for the Canadian Fire Weather Index, which describes the potential fire intensity of 39 a burning forest stand (Van Wagner 1974) . I B,tot has also been used in forecasting flame lengths (e.g. describe wildfires can best be described by Van Wagner (1977) as containing 'about as much information 43 about a fire's behaviour as can be crammed into one number'.
44
I B,tot has been routinely calculated based on ROS, fuel consumption and heat of combustion (e.g.
45 McRae et al. 1979; Stocks et al. 2004; McRae et al. 2005) , most of which have been applied on 46 experimental fires owing to the difficulties in obtaining fine-resolution data from larger burning areas 47 (e.g. McRae et al. 1979; Simard et al. 1984; Alexander and Lanoville 1987; Stocks 1987 Stocks , 1989 , where 48 traditional ground-sampling methods often are reduced to a single averaged I B,tot for an entire fire (e.g.
49 Stocks 1987 Stocks , 1989 Alexander et al. 1991 global scales (Kaufman et al. 1998; Wooster et al. 2003 Wooster et al. , 2005 Ichoku et al. 2008) . The temporal 56 integration of FRP gives Fire Radiative Energy (FRE), which describes the total energy released during 57 combustion, and is generally considered proportional to the total fuel consumed (Wooster et al. 2005) . 58 Notably, where FRP and FRE are used to describe fire energy, only the radiative fraction (radF) of I B,tot is 59 quantified, and a correction must be applied to yield actual I B,tot .
60
Although radF estimates exist for stationary fires (e.g. Wooster et al. 2005; Freeborn et al. 2008) and 61 advancing flame fronts (e.g. Kremens et al. 2012) , this fraction is not well understood with respect to I B,tot .
62
Here, we aim to develop and evaluate remote sensing methods for estimating I B,tot without the need for 63 ground-sampled data, for application to very-high-resolution thermal imagery. We compare I B,tot with in the present study and one was previously proposed (Wooster et al. 2004; Smith and Wooster 2005) . 66 Estimates of radF for each method were also derived. This FRPD-based method is rooted directly in Eqn 3, with the parameters adapted as in Eqn 8 (Table   102 1), where d is the length of the normal extending from a perimeter pixel to the rear of the flame depth, 103 computed in raster cells using Pythagorean theorem scaled by the pixel resolution (Eqn 8). R rad is 104 computed as the total FRPD for all pixels intersected by d at that point (Fig. 2b) .
105
As in the assumptions of Eqn 5, if the flame front is in a steady state, integrating the time series of 106 FRPD at a pixel over τ (Eqn 7) is equivalent to integrating the FRPD along the depth of the flame front 107 (Eqn 8), whereas the spatial distribution of the flame depth is inherently connected through Eqn 4; thus, 108 these methods are conceptually interchangeable only during steady-state burning conditions. However, a 109 steady state is only required for Eqns 1 and 2, whereas Eqn 3 (and the FRPD-FD method) is valid in both 110 steady and unsteady conditions (Dold et al. 2009; Dold 2010 The weighed fuel was loosened and evenly distributed by row of the platform (Fig. 3a) . calculation. Arrival times were used in groups of three to compute rate and direction of spread using the 200 approach of Simard et al. (1984) . For the final analysis, these results were generalised to the row level. Additionally, mixed-effect model analysis was conducted where I B,rad method, ROS, FC and GMC were 250 treated as fixed effects, and burn and row were treated as random effects in predicting radF. Notably, the radF (Figs 6-8) distributions range from 0.1 to 0.6; attempts to model radF based on 257 additional experimental data were not significant (see Results). In the context of the present study, fixed 258 exemplar radF were applied in an attempt to determine which fraction best suits these experimental 259 conditions.
260
The FRPD-FD method was evaluated using the derived radF of 0.26 (median of the distribution in Fig.   261 7d), 0.24 (the regression coefficient in Fig. 7c ), and 0.17 (the value used in the FRED-ROS validation).
262
Notably, radF are linear scalars of FI rad , so they have no effect on R 2 or P values for each trial (Fig. 9 ).
263
The FRED-ROS method was evaluated using the estimated radF 0.21 (median in Fig. 8 (Fig. 6a) ; however, the relationship is not stronger than that of relating FRP directly to 273 I B,tot (Fig. 5) and it showed no advantage in predicting I B,rad . The radF of this method has a mean value of 274 ~0.10, with a broad range (Fig. 6b) , indicating a lack in stability. A second iteration of this method was 275 executed with FRP limited to the flaming pixels, but showed no significant improvement (Fig. 6c, d) , 276 suggesting the length measure (which is constrained by plot size) may be the limiting factor rather than 277 the FRP sample area.
278
Linear regression between I B,tot and the FRPD-FD method by row using the 773 K arrival and 773 K 279 flame termination thresholds showed no significance (Fig. 7a) . Similarly, the radF distribution is very 280 unstable (Fig. 7b) . The linear regression between I B,tot and the FRPD-FD method by row using the 773 K (Fig. 8a ) and the radF takes on a fairly normal distribution (Fig. 8b) The FRPD-FD method was evaluated as a predictor of I B,tot using radF corrections. For the radFs 297 tested (0.26, 0.24 and 0.17), the regressions were significant (Fig. 9) . However, the agreement was 298 somewhat weak (Fig. 9) , and the deviation from the LPA was not significant for all radFs tested (Table   299   7 ). Notably, when validating the FRPD-FD method with the 0.17 radF, the t-score is negative (Table 7) , 300 indicating that this model overestimates I B,tot (Fig. 9c) , which could be attributed to an underestimation of 301 the radF. This suggests the ideal radF lies between 0.17 (c) and 0.24 (b).
302
When evaluating the FRED-ROS method as predictor of I B,tot with radF corrections, all fractions tested 303 were significant (Fig. 10) . All the regressions were significant while using independent TC ROS for the 304 ground-sampled I B,tot in the tests (Fig. 11) . As shown in Fig. 11 , given the much lower R 2 (0.34), the LPA 305 remains in the 95% confidence interval (CI) for all three radF values, and the deviation from the LPA 306 was not significant in this case for all radFs tested (Table 7) . Notably, the radF of 0.15 produces the most 307 accurate results for the FRED-ROS method where the ROS was not independently calculated (Fig. 10) .
308
With the lack of specific results in comparing this method with I B,tot with independent ROS (where the 309 correlation is much weaker), and the certainty of the results from the comparison in Fig. 10 , it is probable 310 that the radF of 0.15 (Fig. 10c) is best suited for the FRED-ROS method at this scale. image. The FRPD-FD method only functions when the flame depth is correctly measured (e.g. Fig. 7) , 319 and the FRP-FFL method may be limited by the lack of a complete flame front length (i.e. a fire perimeter 320 that encircles the fire area) as the FRP sampling zone does not affect its performance (Fig. 6 ). Additional 321 assessment at larger scales is required to determine if this is indeed the limiting factor on the FRP-FFL 322 method.
323
Even without ROS, the FRED-ROS performs strongly compared with the FRP and FRPD methods.
324
The radF (0.21 ± 0.04, Fig. 8b ) is similar to the upper bound proposed by Byram (1959) , and overlaps Byram's Equation (Eqn 1). Our evaluation also suggests that the radF of these fires may be within the 525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548 Publisher: CSIRO; Journal: WF:International Journal of Wildland Fire Article Type: research-article; Volume: ; Issue: ; Article ID: WF16178 DOI: 10.1071/WF16178; TOC Head: The data used here were gathered during the 2013 burns and sampled using medians by row of the burning plot (Fig.  641   3a) . Row 1 was removed from analysis owing to contamination with the ignition fuels and the absence of full flame 642 depth. In (b), the mean value is 0.15 with a standard deviation of 0.11, the median is 0.14, and the 5 and 95% 643 quantile ranges are 0.005 and 0.36 respectively. In (d), the mean value is 0.29 with a standard deviation of 0.14, the 644 median is 0.26, and the 5 and 95% quantile ranges are 0.11 and 0.54 respectively. Table 7 ). The data used here were gathered 658 from the 2014 burns and were sampled using median values for each by panel. Row 1 was removed from analysis 659 owing to contamination with the ignition fuels, panels were removed from analysis if it was not possible to calculate 660 I B,tot using this method (e.g. inability to measure flame depth owing to it reaching a platform boundary). independent, resulting in the strong agreement found here. The intent of this comparison is not to assess this 665 agreement, but rather to identify which radiative fraction best approximates the line of perfect agreement (LPA; 666 Table 7 ). The data used here were gathered using the 2014 burns and sampled using median values for each by row. 667
Row 1 was removed from analysis owing to contamination with the ignition fuels. Table 7 ). The data used here were gathered using the 2014 burns and sampled 673 using median values for each panel. Row 1 was removed from analysis owing to contamination with the ignition 674 fuels. (Table 5) , 152 s after fire ignition. Data collected with the Agema 550 thermal imager from 679 a distance of 30.9 m, with the brightness temperatures shown calculated using a unitary atmospheric transmissivity 680 and emissivity. As can be seen where the temperature threshold is higher (black arrows), on occasion, this 681 measurement stops early when there is some flame depth remaining to be measured, whereas the lower threshold 682 (red dotted arrows) allows the flaming zone (area of increased brightness temperature adjacent to the leading edge of 683 the fire) to be sampled and occasionally allows the measurement to continue into the non-flaming zone (area of 684 cooler brightness temperatures that trails behind the flame front and remains above ambient background 685 temperature). Flame Depth (FRPD-FD) methods were not significant (adj. R 2 = 0.39 and 0.17, P = 0.08 and 0.69 respectively), 694 so the stepwise approach was not used for those two methods. 695
